Lactobacilus casei subsp. casei 2206 exhibited much lower levels of diacetyl reductase activity than Citr+ Lactococcus lactis subsp. lactis 3022 but two-, three-, and more than eightfold-higher levels of diacetyl synthase, lactate dehydrogenase, and NADH oxidase activities, respectively. A requirement for metal ions by the diacetyl synthases in both species was observed. The extracts of strain 2206 but not strain 3022 produced more diacetyl from pyruvate when the reaction for diacetyl synthase was aerated than when it was conducted statically.
Many workers have studied the diacetyl-and acetoinproducing abilities of lactic acid bacteria, especially those of citrate-positive (Citr+) Lactococcus lactis subsp. lactis and Lactobacillus casei subsp. casei (1-3, 5, 9-11) . We recently showed that Citr+ L. lactis subsp. lactis 3022 produced more biomass and converted most of the glucose substrate to diacetyl and acetoin when grown aerobically in the presence of hemin plus Cu2+ (10) . Hemin and metal ions such as Cu2+, Fe2+, and Fe3+ are the effective stimulators for diacetyl synthase (9, 11) . Furthermore, under aerobic conditions, diacetyl synthase could be effectively induced (11) . In this study, we found that diacetyl production by L. casei subsp. casei 2206 was very much higher than that by strain 3022 when the strains were grown aerobically. Therefore, we studied the diacetyl metabolism of the cells and evaluated the characteristics of diacetyl production from pyruvate and the activities of several enzymes.
MRS (6) medium without triammonium citrate was used as a basal medium. The cells were grown in a Sakaguchi flask on a reciprocal shaker at 120 strokes per min and 30°C. Growth was measured by determining viable counts. CFU per milliliter were determined by a plate count technique with bromcresol purple agar (Eiken Chemical Co., Tokyo, Japan). All plates were incubated at 37°C for 48 h. Preparation of cell extracts and the assays of lactate dehydrogenase (EC 1.1.1.27), glucose, end products, and molar growth yields (YG1u values) were carried out as described previously (10, 10) . Diacetyl synthase activity (activity of diacetyl formation from pyruvate) was also assayed as described previously (10) except that the reaction mixture contained 50 mM sodium pyruvate. The activity of diacetyl reductase (EC 1.1.1.5) was derived by subtracting the activity of NADH oxidase from the total activity (apparent activity of diacetyl reductase). The reaction mixture for the assay of apparent activity of diacetyl reductase contained 0.25 mM NADH, 13 mM diacetyl, 0.1 M phosphate buffer (pH 6.0), and 0.1 ml of cell extract in a total volume of 3.3 ml. The reaction mixture for the assay of NADH oxidase was the same as that for diacetyl reductase except that diacetyl was omitted. The reaction was started by the addition of cell extract, and the rate of NAD+ formation was measured by recording the initial decrease in A340 at 30°C. * Corresponding author. We have previously shown that the NAD-dependent diacetyl reductase activity of strain 3022 was very high and that the pathway of acetoin production from diacetyl would be essential to reoxidize NADH formed via glycolysis when the organisms were grown aerobically in the presence of hemin or Cu2+ (10) . However, the activity of diacetyl reductase in strain 2206 was very much lower than that in strain 3022 (Table 1) . On the other hand, diacetyl synthase, NADH oxidase, and NAD-dependent lactate dehydrogenase activities were approximately two-, eight-, and threefold higher, respectively, in strain 2206 than in strain 3022. These results indicate that acetoin production by strain 2206 would be at a low level and that acetoin production from diacetyl would not be the main pathway for NADH reoxidation. Almost all the NADH formed via glycolysis would be reoxidized by NAD-dependent lactate dehydrogenase and NADH oxidase (4). In fact, strain 2206 converted most of the The activity of diacetyl synthase in strain 2206 was also increased when this strain was grown aerobically (Table 3) , as shown previously for strain 3022 (11). However, there was no remarkable difference in growth between the cells grown under static and aerobic conditions. Unlike activity in strain 3022 (10) , the activity of diacetyl synthase in strain 2206 was not stimulated by hemin. However, metal ions such as Cu2+, Fe2+, and Fe3+ did stimulate the activity of diacetyl synthase in both species (8, 9) . The culture containing Fe3+ showed two times more diacetyl production than that without Fe3+ (Table 2 ). YG1u was increased slightly and acetate production was enhanced more than sixfold by the addition of 0.1 mM FeCl3 (Table 2) . However, there were no marked differences in diacetyl production, growth, pH, or glucose utilization between the cultures with and without hemin.
The activities of diacetyl synthase in strains 2206 and 3022 were greatly lowered by the addition of EDTA, and the inhibition by EDTA was at least partially reversible by the addition of FeSO4 to extracts of both species (Table 4) . These results indicate a requirement for metal ions by the diacetyl synthases of both species. On the other hand, the Km and Vmax were calculated from double-reciprocal plots of diacetyl synthase activity of strain 2206 versus pyruvate concentration, using the reaction mixtures with and without 0.1 mM Cu2+ (Fig. 1) . There was no difference in the Kms (33 mM) of the reaction mixtures with and without Cu2+. However, Cu2+ increased the Vmax from 175 to 245 mU/mg of protein.
Strain 2206 grown aerobically showed 10 times more diacetyl production in a basal medium than did cells grown under static conditions (Table 3) . Also, when diacetyl synthase in strain 2206 was assayed under static and aerobic (shaken at 120 strokes per min) conditions during the reaction, diacetyl production levels were 23 and 134 mg/liter, respectively. However, diacetyl production from pyruvate was not detected when cell extracts heated at 95°C for 5 min were used for the assay. On the other hand, diacetyl production decreased slightly under aerobic conditions when cell extracts of strain 3022 were used (8) . These results indicate that strain 2206 converts the pyruvate to a-acetolactate enzymatically and then the spontaneous production of diacetyl from a-acetolactate is stimulated when enough oxygen is present. Branen and Keenan (1) also reported that L. casei has a pathway from a-acetolactate to diacetyl. On the other hand, strain 3022 would produce diacetyl from pyruvate by the condensation of hydroxyethylthiamine PP, with acetyl coenzyme A, which was formed by pyruvate dehydrogenase complex as shown in a previous paper (10) .
